1. Introduction {#sec0005}
===============

Porcine deltacoronavirus (PDCoV) is an emerging swine enteric coronavirus (CoV) that belongs to the newly identified genus *Deltacoronavirus*, within the family *Coronaviridae*, in the order *Nidovirales* ([@bib0165]; [@bib0210]; [@bib0225]). The full-length genome of PDCoV is approximately 25.4 kb, encoding 15 mature nonstructural proteins (nsp2−16), four structural proteins (spike (S) protein, envelope (E) protein, membrane (M) protein, nucleocapsid (N) protein) and three accessory proteins (NS6, NS7, NS7a) ([@bib0045], [@bib0040]; [@bib0220]). PDCoV infection causes enteric disease of piglets characterized by severe atrophic enteritis, diarrhea, vomiting and dehydration ([@bib0010]; [@bib0085]; [@bib0235]). PDCoV was first discovered in 2012 in Hong Kong ([@bib0225]). The first outbreak of PDCoV was reported in 2014 in the United States and rapidly spread to at least 20 states, resulting in significant economic losses ([@bib0060]; [@bib0170]; [@bib0205]). Thereafter, many countries reported the emergence of PDCoV, including China, Canada, Japan, South Korea, Thailand, Lao People's Democratic Republic and Vietnam ([@bib0030]; [@bib0065]; [@bib0070]; [@bib0125]; [@bib0155]; [@bib0190]; [@bib0195]). Recent studies reported that calves, chickens and turkey poults are also susceptible to PDCoV ([@bib0005]; [@bib0090]; [@bib0140]), and that PDCoV possesses the potential to infect humans ([@bib0135]; [@bib0215]), posing a significant threat to human and animal health.

Interferons (IFNs) are key components of the host's antiviral innate immunity. To date, three different types of IFNs, type I IFN (IFN-α, IFN-β, IFN-ε, IFN-κ and IFN-ω), type II IFN (IFN-γ) and type III IFN (IFN-λ), have been discovered ([@bib0105]). Relative to the well-known type I and type II IFNs, type III IFNs were recently discovered as a distinct class of antiviral cytokines. Similar to type I IFN, type III IFN is a multigene family consisting of four members in humans (IFN-λ1, IFN-λ2, IFN-λ3 and IFN-λ4), two in mice (IFN-λ2 and IFN-λ3) and three in swine (IFN-λ1, IFN-λ3 and IFN-λ4) ([@bib0110]; [@bib0230]). Type III IFNs have many similar, but some different, induction processes to type I IFNs ([@bib0115]; [@bib0180]). In virus-infected cells, pathogen-associated molecular patterns (PAMPs), such as certain viral RNA replication intermediates or leader RNAs, can be recognized by host pattern-recognition receptors (PRRs), such as retinoic acid-induced gene I (RIG-I) or melanoma differentiation gene 5 (MDA5). After recognition of PAMPs, RIG-I and/or MDA5 interact with the mitochondrial antiviral-signaling (MAVS) protein, leading to the activation of transcription factors, which include interferon regulatory factors (IRFs) and NF-κB. The activated IRFs and NF-κB are translocated to the nucleus and induce the production of type I and type III IFNs. Among these IRFs, IRF3 and IRF7 are mainly involved in the induction of type I IFN, while IRF1 appears to play a more important role than IRF3 and IRF7 in the induction of type III IFN ([@bib0175]). Another main difference between the induction of type I and type III IFN systems is that mitochondrial MAVS induces activation of type I IFNs, while peroxisomal MAVS is responsible for the type III IFN response ([@bib0120]).

Previous studies have reported that PDCoV infection inhibits the type I IFN response to evade the host's antiviral immune responses ([@bib0050]; [@bib0145]; [@bib0150]; [@bib0160]; [@bib0245], [@bib0250]). However, the small intestines, particularly the jejunum and ileum, are the targets of PDCoV infection *in vivo* ([@bib0010]; [@bib0085]; [@bib0210]). It is not clear whether PDCoV inhibits the type III IFN response. In this study, we demonstrated that PDCoV infection remarkably suppressed Sendai virus (SeV)-induced IFN-λ1 production. Mechanistically, PDCoV decreases the number of peroxisomes and inhibits IRF1 nuclear translocation, impairing the induction of IFN-λ1.

2. Materials and methods {#sec0010}
========================

2.1. Cells, viruses and reagents {#sec0015}
--------------------------------

LLC-PK1 cells (porcine kidney cells) were maintained in modified Eagle\'s medium (MEM) with 10 % heat-inactivated fetal bovine serum (FBS) at 37 °C with 5 % CO~2~ in a humidified incubator. IPI-2I cells (porcine intestinal mucosal epithelial cells) were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10 % heat-inactivated FBS. PDCoV strain CHN-HN-2014 used in this study was isolated from a piglet with severe diarrhea in 2014 in China ([@bib0035]). SeV was obtained from the Centre of Virus Resource and Information, Wuhan Institute of Virology, Chinese Academy of Sciences. Rabbit anti-IRF1 polyclonal antibody (Bioss Antibodies, bs-21318R) and rabbit anti-PMP70 polyclonal antibody (Novus Biologicals, NBP187258) were used for immunofluorescence assays (IFAs) and western blotting. Alexa Fluor 488-conjugated donkey anti-mouse and 594-conjugated donkey anti-rabbit antibodies were purchased from Abbkine. Monoclonal antibodies against Flag and β-actin were purchased from MBL. Mouse monoclonal antibody against PDCoV N protein was created in-house as described previously ([@bib0255]).

2.2. Plasmids {#sec0020}
-------------

The luciferase reporter plasmids p-55λ1-(-225/-36)-Luc, p-55λ1mut.IRF-Luc, p-55λ1mut.NF-κB-Luc and p-55λ1mut.IRF/mut.NF-κB-Luc were kindly provided by Dr. Takashi Fujita (Kyoto University, Kyoto, Japan) ([@bib0180]). The eukaryotic expression plasmids encoding Flag-tagged RIG-I, MDA5, MAVS, IRF1, IRF3 or IRF7 have been described previously ([@bib0200]).

2.3. RNA extraction and quantitative real-time PCR {#sec0025}
--------------------------------------------------

Cells were washed twice with phosphate-buffered saline (PBS) before RNA isolation. Total cellular RNA was isolated using TRIzol reagent (OMEGA) following the manufacturer\'s protocol. Cellular RNA was then reverse transcribed into cDNA using a transcriptor first strand cDNA synthesis kit (Roche). The cDNA was subjected to quantitative PCR using the SYBR green PCR assay system (Applied Biosystems) at least in triplicate. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was chosen as an internal control for each experiment.

2.4. Indirect immunofluorescence assay (IFA) {#sec0030}
--------------------------------------------

IPI-2I cells in 24-well plates were mock-infected or infected with PDCoV at a multiplicity of infection (MOI) of 0.5. At 24 h post-infection (hpi), cells were fixed with 4 % paraformaldehyde for 15 min and permeabilized using 100 % methanol at room temperature for 10 min. After three washes with PBS, the cells were blocked with PBS containing 5 % bovine serum albumin for 1 h and then incubated with primary antibody for 1 h. The cells were then treated with secondary antibodies for 1 h at 37 °C in the dark, followed by treatment with 4ʹ, 6-diamidino-2-phenylindole (DAPI) for 15 min. After three washes with PBST, fluorescent images were visualized and examined using a confocal laser scanning microscope (Olympus IX73).

2.5. Luciferase reporter assay {#sec0035}
------------------------------

To examine activation of the IFN-λ1 promoter or its mutants during PDCoV infection, IPI-2I or LLC-PK1 cells were grown in 24-well plates and transfected with 0.1 μg/well reporter plasmid (p-55λ1-(-225/-36)-Luc, p-55λ1mut.IRF-Luc, p-55λ1mut.NF-κB-Luc or p-55λ1mut.IRF/mut.NF-κB-Luc) and 0.02 μg/well pRL-TK plasmid. At 24 h after transfection, cells were infected with PDCoV for 12 h followed by stimulation with SeV. After 12 h, cells were collected and subjected to luciferase activity detection. To determine at which step the PDCoV displays its inhibitory activities, IPI-2I cells were transfected for 24 h with luciferase reporter plasmid, an expression plasmid (RIG-I, MDA5, MAVS, IRF1) and pRL-TK at a ratio of 1:4:0.2. At 24 h post-transfection, cells were infected with PDCoV (MOI = 0.5). At 24 hpi, the cell lysates were harvested to measure the luciferase activities. The luciferase activities of firefly and renilla were determined with the Dual-Luciferase reporter assay system according to the manufacturer's protocol (Promega). Transfections were performed using Lipofectamine 2000 according to the manufacturer's instructions (Invitrogen).

2.6. Western blot analysis {#sec0040}
--------------------------

The infected or transfected IPI-2I cells were lysed at the indicated time points in RIPA lysis buffer \[50 mM Tris−HCl (pH 7.4), 50 mM NaCl, 2 mM EDTA.2Na, 10 % glycerin, 0.1 % SDS, 1 % NP-40\] supplemented with a protease inhibitor cocktail. The lysates were separated by 12 % SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF) membranes. The membranes were blocked with 5 % nonfat dry milk in TBST for 1 h and incubated with primary antibody at room temperature for 3 h. After washing three times with TBST, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody at room temperature for 1 h. After washing three times, the proteins were visualized by enhanced chemiluminescence (ECL) reagents (Bio-Rad). The endogenous expressions of IRF1 and MAVS proteins were analyzed with the indicated antibodies. The expressions of PDCoV N protein, Flag-tagged protein and β-actin were detected with monoclonal antibodies against N protein, Flag, and β-actin, respectively.

2.7. Statistical analysis {#sec0045}
-------------------------

Data are shown as the mean ± standard deviation of three independent experiments. The results were analyzed for significance by a Student's *t* test using GraphPad Prism 6 software. Differences between groups were considered statistically significant when *P* \< 0.05.

3. Results {#sec0050}
==========

3.1. PDCoV infection blocks SeV-induced IFN-λ1 production {#sec0055}
---------------------------------------------------------

To investigate whether PDCoV infection inhibits the production of IFN-λ1, we first detected the mRNA expression of IFN-λ1 in PDCoV-infected cells. To this end, IPI-2I or LLC-PK1 cells were infected with PDCoV at a MOI of 0.5 and cells were collected at 0, 6 and 12 hpi for real-time RT-PCR. As shown in [Fig. 1](#fig0005){ref-type="fig"} A and 1B, there was no significant difference in the expression of IFN-λ1 mRNA in PDCoV-infected cells compared with the mock-infected cells, whereas the amount of IFN-λ1 mRNA in SeV-infected cells was significantly increased in the two cell types, indicating that PDCoV infection fails to induce the production of IFN-λ1.Fig. 1PDCoV infection does not induce IFN-λ1 production. (A, B) IPI-2I cells (A) or LLC-PK1 cells (B) were infected with PDCoV at a MOI of 0.5 or 0.05, respectively. Cells were collected at 0, 6 and 12 h post-infection (hpi) to determine the mRNA expression of IFN-λ1 by RT-qPCR. Mock-infected cells stimulated with SeV for 12 h were used as a positive control. **(C, D)** IPI-2I cells (C) or LLC-PK1 cells (D) were co-transfected with p-55λ1-(-225/-36)-Luc and pRL-TK, followed by PDCoV infection. At 0, 6 and 12 hpi, cells were lysed for dual-luciferase reporter assays. Mock-infected cells stimulated with SeV for 12 h were used as a positive control. PDCoV infection was verified by western blot with anti-PDCoV N protein antibody. β-actin was detected by western blot analysis and used as a control for sample loading. All data are presented as the means ± SD of three independent experiments (\*\**p* \< 0.01).Fig. 1

To examine whether PDCoV infection affects the activation of IFN-λ1 promoter, IPI-2I or LLC-PK1 cells were co-transfected with the luciferase reporter plasmid p-55λ1-(-225/-36)-Luc and the internal control plasmid pRL-TK. At 24 h after transfection, the cells were infected with PDCoV (MOI = 0.5), then collected at different time points for detecting IFN-λ1 promoter-driven luciferase activity. The infection of PDCoV was confirmed by western blot with monoclonal antibody against PDCoV N protein ([Fig. 1](#fig0005){ref-type="fig"}C and D). Consistent with the results obtained by real-time RT-PCR, the IFN-λ1 promoter-driven luciferase activity was barely detectable in PDCoV-infected cells ([Fig. 1](#fig0005){ref-type="fig"}C and D). As expected, SeV stimulation significantly activated IFN-λ1 promoter activity. Thus, PDCoV infection also failed to activate IFN-λ1 promoter activity.

Since PDCoV infection did not induce IFN-λ1 production, we further examined whether PDCoV inhibits SeV-induced IFN-λ1 promoter activity. IPI-2I or LLC-PK1 cells were co-transfected with p-55λ1-(-225/-36)-Luc and pRL-TK, followed by infection with PDCoV. At 12 hpi, the cells were mock-stimulated or stimulated with SeV. As shown in [Fig. 2](#fig0010){ref-type="fig"} , SeV stimulation activated IFN-λ1 promoter activity in cells without PDCoV infection; however, SeV-induced IFN-λ1 promoter activation was significantly inhibited after PDCoV infection in both IPI-2I ([Fig. 2](#fig0010){ref-type="fig"}A) and LLC-PK1 cells ([Fig. 2](#fig0010){ref-type="fig"}B). We also examined the mRNA expression of IFN-λ1 in PDCoV-infected, SeV-stimulated cells by RT-qPCR. As expected, SeV stimulation significantly upregulated the expression of IFN-λ1 mRNA; however, PDCoV infection significantly inhibited SeV-induced IFN-λ1 mRNA expression ([Fig. 2](#fig0010){ref-type="fig"}C and D).Fig. 2PDCoV infection inhibits SeV-induced IFN-λ1 production. (A, B) IPI-2I cells (A) or LLC-PK1 cells (B) were co-transfected with p-55λ1-(-225/-36)-Luc and pRL-TK, followed by PDCoV infection. At 12 hpi, the cells were stimulated with SeV for 12 h. Cell lysates were prepared for dual-luciferase reporter assays. PDCoV infection was verified by western blot with anti-PDCoV N protein antibody. β-actin served as a protein loading control. **(C, D)** IPI-2I cells (C) or LLC-PK1 cells (D) were infected with PDCoV at a MOI of 0.5 or 0.05, respectively, and then stimulated with SeV for 12 h. The total cellular RNAs were extracted to determine the IFN-λ mRNA levels by RT-qPCR. All data are presented as the means ± SD of three independent experiments (\**p* \< 0.05 and \*\**p* \< 0.01).Fig. 2

3.2. PDCoV infection inhibits the activation of IRF and NF-κB {#sec0060}
-------------------------------------------------------------

IRF and NF-κB are critical transcription factors for the production of IFN-λs ([@bib0180]). To investigate whether PDCoV prevents the production of IFN-λ1 by inhibiting the activation of NF-κB and IRFs, LLC-PK1 cells were co-transfected with the internal control plasmid pRL-TK and the luciferase reporter plasmids p-55λ1mut.IRF-Luc, p-55λ1mut.NF-κB-Luc or p-55λ1mut.IRF/mut.NF-κB-Luc, which contain the binding-site mutation for IRF, NF-κB, and both IRF and NF-κB, respectively. At 24 h after co-transfection, cells were mock-infected or infected with PDCoV at a MOI of 0.01, then stimulated, or not, with SeV. The results showed that PDCoV infection failed to activate the promoter activity of these luciferase reporter plasmids ([Fig. 3](#fig0015){ref-type="fig"} A--C). The SeV-induced promoter activity of these luciferase reporter plasmids was also significantly impaired by PDCoV infection ([Fig. 3](#fig0015){ref-type="fig"}A--C). These results indicated that PDCoV prevented the production of IFN-λ by blocking activation of the transcription factors NF-κB and IRF.Fig. 3PDCoV infection prevents the production of IFN-λ1 by blocking activation of NF-κB and IRF. LLC-PK1 cells were transfected with the luciferase reporter plasmids p-55λ1mut.IRF-Luc **(A)**, p-55λ1mut.NF-κB-Luc **(B)** or p-55λ1mut.IRF/mut.NF-κB-Luc **(C)** together with pRL-TK, and then mock-infected or infected with PDCoV at a MOI of 0.05. At 12 hpi, the cells were mock-infected or infected with SeV for 12 h. Cell lysates were prepared for dual-luciferase reporter assays. All data are presented as the means ± SD of three independent experiments (\*\**p* \< 0.01). Western blot analysis with anti-PDCoV N protein antibody showed that PDCoV can normally infect cells, and β-actin was used as a control for sample loading.Fig. 3

3.3. PDCoV infection suppresses the IFN-λ1 promoter activity induced by RIG-I, MDA5 and MAVS {#sec0065}
--------------------------------------------------------------------------------------------

Previous studies have shown that PDCoV interrupts the RIG-I-like receptor (RLR)-mediated IFN signaling pathway ([@bib0050]; [@bib0160]), and the RLR-mediated signaling is involved in IFN-λs production ([@bib0180]). To investigate at which step PDCoV displays its inhibitory activity on IFN-λ1 production, IPI-2I cells were co-transfected with p-55λ1-(-225/-36)-Luc and a plasmid expressing Flag-tagged RIG-I, MDA5, MAVS, TBK1 or IRF1, together with the pRL-TK internal control. At 24 h after transfection, cells were infected with PDCoV at a MOI of 0.5. The firefly and renilla luciferase activities of all samples were determined at 24 hpi. As shown in [Fig. 4](#fig0020){ref-type="fig"} , PDCoV infection reduced activation of the IFN-λ1 promoter activity mediated by RIG-I, MDA5 and MAVS, but had no obvious effects on activation induced by TBK1 and IRF1. The expressions of Flag-tagged RIG-I, MDA5, MAVS, TBK1 or IRF1 were confirmed by western blots with an anti-Flag antibody. These results indicated that PDCoV inhibits the IFN-λ1 production pathway by targeting MAVS or its associated molecules, but not TBK1 or its downstream molecules among the RLR signaling pathway.Fig. 4The effect of PDCoV infection on IFN-λ1 induced by molecules in the RIG-I signaling pathway. IPI-2I cells were transfected with a plasmid expressing RIG-I **(A)**, MDA5 **(B)**, MAVS **(C)**, TBK1 **(D)**, IRF1 **(E)** or an empty vector, along with p-55λ1-(-225/-36)-Luc and pRL-TK, then the cells were mock-infected or infected with PDCoV at a MOI of 0.5 for 24 h. Cell lysates were prepared for dual-luciferase reporter assays. All data are presented as the means ± SD of three independent experiments (\**p* \< 0.05). The expressions of Flag-tagged RIG-I, MDA5, MAVS, TBK1 or IRF1 were confirmed by western bot with anti-Flag antibody. Antibodies against N protein was used to confirm the infection of PDCoV. β-actin was detected by western blot and used as a control for sample loading.Fig. 4

3.4. PDCoV infection decreases the number of peroxisomes and inhibits IRF1 nuclear translocation {#sec0070}
------------------------------------------------------------------------------------------------

MAVS is the critical adaptor and IRF1 is the most important transcription factor for IFN-λs production, and previous studies showed that some viruses antagonize IFN-λs production by degrading MAVS or IRF1 ([@bib0015]; [@bib0020]). Thus, we further examined the expression of MAVS and IRF1 after PDCoV infection. The results showed that the protein levels of MAVS and IRF1 were not altered at different time points after PDCoV infection ([Fig. 5](#fig0025){ref-type="fig"} A).Fig. 5PDCoV infection decreases the number of peroxisomes and inhibits IRF1 nuclear translocation. (A) IPI-2I cells were infected with PDCoV at a MOI of 0.5. At the indicated time points after infection, cells were collected and subjected to western blotting with antibodies against IRF1, MAVS and PDCoV N protein. β-actin was used as a control for sample loading. **(B)** IPI-2I cells were infected with PDCoV for 24 h or stimulated with SeV for 12 h as a positive control, and then fixed for indirect immunofluorescence assays with antibodies against PMP70 (peroxisome marker) and PDCoV N protein. Peroxisomes and PDCoV N protein were visualized by Alexa Fluor 488-conjugated donkey anti-mouse (green) and 594-conjugated donkey anti-rabbit (red) antibodies, respectively. Cellular nuclei were counterstained with 1 μg/mL of DAPI. Fluorescence was observed under a Fluoview ver. 3.1 confocal fluorescence microscope (Olympus) and representative images are shown. **(C)** IPI-2I cells were mock-infected or infected with PDCoV (MOI = 0.5) for 24 h or stimulated with SeV for 12 h as a positive control. The cells were fixed and the number of peroxisomes in PDCoV-infected cells, mock-infected cells or cells stimulated with SeV was quantified. The data are presented as the means ± SD of three independent experiments (\**p* \< 0.05). **(D)** IPI-2I cells were infected with PDCoV (MOI = 0.5) for 12 h followed by stimulation with SeV for 12 h. Cells were fixed and incubated with anti-PDCoV N protein antibody and anti-IRF1 antibody for 1 h. IRF1 and PDCoV N were visualized by Alexa Fluor 488-conjugated (green) donkey anti-mouse and 594-conjugated (red) donkey anti-rabbit antibodies. Cellular nuclei were counterstained with DAPI. White arrows indicate the nucleus-localized IRF1 and yellow arrows indicate the cytoplasm-localized IRF1 (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).Fig. 5

Peroxisome is the innate antiviral signaling platform for the type III IFN signaling pathway ([@bib0015]). Peroxisome-localized MAVS is associated with the production of IFN-λs ([@bib0025]). To investigate whether PDCoV infection affects the peroxisome-localization of MAVS, IPI-2I cells were infected with PDCoV for 24 h. Peroxisomal membrane protein 70 (PMP70) was used as a marker for peroxisomes to aid their enumeration. As shown in [Fig. 5](#fig0025){ref-type="fig"}B, the number of peroxisomes was significantly reduced in PDCoV-infected cells compared with the mock-infected cells. We also calculated the average number of peroxisomes in mock-infected, PDCoV-infected cells and cells stimulated with SeV. The results showed that about 20 % reduction of peroxisomes in PDCoV-infected cells, while the number of peroxisomes in cells stimulated with SeV increased slightly ([Fig. 5](#fig0025){ref-type="fig"}C).

Previous studies showed that peroxisomal MAVS activates IRF1-mediated IFN-λs production ([@bib0015]; [@bib0025]). Because PDCoV infection reduced the number of peroxisomes in cells and PDCoV infection does not affect IRF1 expression, we further investigated whether PDCoV infection affects the nuclear translocation of IRF1, an essential step for IRF1-mediated IFN-λs production. Thus, we analyzed the subcellular localization of IRF1 after PDCoV infection by indirect immunofluorescence assays (IFAs). As shown in [Fig. 5](#fig0025){ref-type="fig"}D, in mock-infected cells, IRF1 was widely distributed in the cytoplasm (yellow arrows), and translocated to the nucleus (white arrows) following SeV stimulation, whereas, in PDCoV-infected cells, IRF1 remained in the cytoplasm (yellow arrows) even after SeV stimulation.

4. Discussion {#sec0075}
=============

In recent years, type III IFNs have received increasing attention because they play unique and non-redundant functions, especially in mucosal tissues, compared with type I IFNs ([@bib0055]). For example, type III IFNs have been demonstrated to be critical host factors that determine susceptibility to influenza virus infection in allergic nasal mucosa ([@bib0075]), and mice lacking functional IFN-λ receptors (Ifnlr1^˗/˗^) no longer prevent influenza virus spread from the upper airways to the lungs ([@bib0100]). Similarly, mice lacking functional receptors for IFN-λ are impaired in the control of oral infection of rotavirus, and systemic treatment of suckling mice with IFN-λ represses rotavirus replication in the gut, whereas treatment with type I IFN had no effect ([@bib0185]). Another study also reported that IFN-λ preferentially inhibits the infection of porcine epidemic diarrhea virus (PEDV), an enteropathogenic coronavirus, in porcine intestinal epithelial cells compared with IFN-α ([@bib0130]). Because type III IFNs have important immune functions in mucosal tissues, it is not surprising that many viruses take various strategies to antagonize type III IFN responses. For example, rotavirus VP3 targets MAVS for degradation to inhibit type III IFN expression in intestinal epithelial cells ([@bib0020]), and respiratory syncytial virus (RSV), a significant human pathogen that causes pneumonia and contributes to exacerbations of chronic lung diseases, activates epidermal growth factor receptor (EGFR) to suppress IRF1-dependent IFN-λ and antiviral defenses in airway epithelium ([@bib0095]). In this study, we demonstrated that PDCoV infection can also antagonize the production of IFN-λ1 to evade host innate immune defenses. In addition to IFN-λ1, we also tested whether PDCoV infection affects the expression of IFN-λ3. We found that the basal expression level of IFN-λ3 mRNA was much lower than that of IFN-λ1 in both IPI-2I and LLC-PK1 cells. SeV stimulation significantly up-regulated the expression level of IFN-λ3 mRNA, however, the increase was also inhibited notably by PDCoV infection (data not shown). Considering the very low basal expression of IFN-λ3 in the tested cells, we did not further investigate the inhibition mechanism of PDCoV on IFN-λ3.

Different to type I IFN production, transcription factor IRF1 plays a vital role in inducing type III IFN ([@bib0175]). Consistent with this concept, PDCoV infection inhibits the nuclear translocation of IRF1, a key step in IRF1 activation, to antagonize the production of IFN-λ1, although PDCoV infection does not regulate the expression of IRF1. In a recent study, Jiang et al. found that PDCoV infection can upregulate IRF1 mRNA expression at 24 h post-infection in PK-15 cells ([@bib0080]). However, in the present study, we demonstrated that PDCoV infection does not affect the protein level of IRF1. These differences may be caused by different cell types because the infection dynamics of PDCoV in PK-15 cells is different from other permissive cell lines such as LLC-PK1 and IPI-2I ([@bib0080]). In addition, we cannot rule out the possibility that PDCoV infection degrades IRF1 protein, although its mRNA expression is upregulated after PDCoV infection.

To identify the possible target(s) in the RLR pathway of PDCoV to inhibit IFN-λ1 production, we screened the components of the RLR pathway and found that PDCoV infection significantly impeded the activation of IFN-λ1 promoter stimulated by RIG-I, MDA5 and MAVS, but not by TBK1 and IRF1, suggesting that MAVS is the target of PDCoV to inhibit IFN-λ1 production. In mucosal tissues, peroxisomal MAVS is responsible for type III IFN responses, while mitochondrial MAVS induces type I IFN responses ([@bib0120]). Another study also showed that intestinal epithelial cells produce abundant type III IFNs by upregulation of the biogenesis of peroxisomes ([@bib0175]). Peroxisomes in the intestinal epithelial cells are particularly crucial for the production of type III IFNs. Due to the lack of antibody against porcine MAVS and the poor cross-reactivity to porcine MAVS of antibody against human MAVS, we did not detect the number or localization of MAVS on peroxisomes by an indirect immunofluorescence assay following viral infection. As an alternative strategy, we detected the number of peroxisomes in the context of PDCoV infection. The results showed that the number of peroxisomes in PDCoV-infected cells was significantly reduced compared with mock-infected cells. These results further supported the conclusion that PDCoV inhibits the type III IFN response by targeting MAVS.

Previous studies from our laboratory and other groups have demonstrated that PDCoV infection inhibits the type I IFN response ([@bib0050]; [@bib0145]; [@bib0160]; [@bib0245], [@bib0250]). In this study, we further showed that PDCoV infection can antagonize type III IFN production, suggesting that PDCoV possesses the ability to systematically suppress the host's IFN responses. Although type III IFNs share a similar induction pathway to type I IFNs ([@bib0115]), PDCoV appears to use a different strategy to antagonize the production of IFN-λs and IFN-α/β. Evidence for this is that PDCoV infection significantly suppresses the activation of IFN-β promoter stimulated by IRF3 or its upstream molecules (RIG-I, MDA5, MAVS, TBK1) in the RIG-I signaling pathway, but does not inhibit TBK1-mediated IFN-λ1 production. We also detected whether PDCoV infection affects IRF3 or IRF7-induced IFN-λ1 production, and found that PDCoV infection did not affect the production of IFN-λ1 induced by IRF3 or IRF7 (data not shown). Further comparing the anti-PDCoV activity of type III and I IFNs and dissecting the different mechanisms used by PDCoV to antagonize the production of type III and I IFNs, will help us to better understand the interaction between PDCoV and the host's IFN system.

As a newly identified porcine enteric coronavirus, elucidation of the immune evasion strategy used by PDCoV is still at an early stage. Previous studies have shown that PEDV, another porcine enteropathogenic coronavirus, downregulates and evades IRF1-mediated type III IFN responses by reducing the number of peroxisomes, and several PEDV-encoded proteins, particularly nonstructural protein 1 (nsp1), are associated with the suppression of type III IFN activity ([@bib0240]). PDCoV does not encode the orthologue nsp1 in PEDV ([@bib0165]). Whether other PDCoV-encoded proteins antagonize type III IFN production and the mechanisms involved, are issues that are currently under investigation in our laboratory.

5. Conclusions {#sec0080}
==============

In summary, this study is the first to demonstrate that PDCoV infection antagonizes IFN-λ1 production in IPI-2I cells. Mechanistically, PDCoV decreases the number of peroxisomes and inhibits IRF1 nuclear translocation, impairing the induction of IFN-λ1. Future studies to identify the virus-encoded protein(s) involved will help us to better understand the immune evasion mechanisms of this emerging porcine enteric coronavirus.
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